Reduction-oxidation (redox) cycling of the nickel electrocatalyst phase in the solid oxide fuel cell (SOFC) anode can lead to performance degradation and cell failure. A greater understanding of nickel redox mechanisms at the microstructural level is vital to future SOFC development.
Introduction
The reduction-oxidation (redox) cycling of the nickel-based oxides in composite solid oxide fuel cell (SOFC) anodes is intimately linked to cell performance (1) (2) (3) (4) (5) (6) (7) (8) . Nickel is commonly applied to create hydrogen oxidation electrocatalyst in solid oxide fuel cell anodes, where it can facilitate reformation of hydrocarbon fuels, tolerate the presence of carbon monoxide, provide mechanical support, and facilitate electron charge transfer. While nickel contributes to SOFC fuel flexibility, its reoxidation within the anode presents a major challenge to cell reliability. Potential causes of such reoxidation may include air entrainment in the fuel stream during shutdown, imperfect sealing, and ionic current (O 2- ) supplied to fuel depleted regions (1, 3, 5, 6) . When reoxidized, the volume of the Ni particles can increase by up to 70% (1, 6) , a process that creates internal stresses and cell failure. Solid oxide cells can also serve as electrolyzers for hydrogen production and hydrogen-based energy storage, and recent attention has been given to their application in the co-electrolysis of carbon dioxide along with steam to produce syngas for Fischer-Tropsch fuel production (9) (10) (11) (12) (13) . In both scenarios, electrolytic operation at high concentrations of steam or CO 2 has been noted as amenable to the oxidation of Ni electrocatalysts, which can lead to loss of active area, performance degradation, and potentially cell failure (9) (10) (11) .
The development of techniques that provide more detailed knowledge of the microstructure and electronic state of composite material systems may be beneficial for the advancement of solid oxide electrochemical cells. Recently, bulk and micro-XANES measurements have been compared with nanotomography measurements, in order to correlate the spectroscopic data (i.e. specification and chemistry) in biological samples with the microstructures identified by reconstructed volumetric data (14, 15) . The former method scans the sample of interest with an x-ray beam focused on sub-volumes, and therefore is extremely time consuming. More direct XANES tomography measurements can be achieved using scanning or full-field TXM techniques. Full-field techniques expose the entire sample to the x-ray beam, eliminating the need to raster across the sample and reducing acquisition time (16, 17 (16) . The deintercalation of Li in the LiNiO 2 cathodes of lithium ion batteries has been studied directly using transmission based XANES to discern the electronic structure of the Li x NiO 2 phase (7), demonstrating the application of x-ray spectroscopy to Ni-based materials in electrochemical systems. The availability of such techniques combined with substantial progress achieved in spatial resolution for transmission x-ray microscopy (TXM) (19) (20) (21) , in particular for the hard x-ray regimes, suggests the opportunities to investigate oxidation states for hard materials such as SOFC at unprecedented scale.
A greater understanding of nickel redox mechanisms at the microstructural level can be achieved in part using transmission x-ray microscopy (TXM) to explore material oxidation states. X-ray nanotomography combined with x-ray absorption near edge structure (XANES) spectroscopy has been applied to study samples of varying nickel and nickel oxide (NiO) compositions. These samples contain distinct regions of the materials in question that enable controlled demonstration of XANES nanotomography. XANES spectra presented for the individual materials provide a basis for further processing and analysis. Images of composite samples obtained using TXM are treated using numerical image processing steps, and the three-dimensional chemical mapping capabilities of XANES nanotomography are demonstrated. This full field XANES nanotomography technique may enable significant contributions to the analysis of electrochemical energy systems, including SOFCs. Such contributions may include in situ observation of redox cycles that are critical to the operation and reliability of composite SOFC anodes.
Experimental
The development of full-field XANES nanotomography for solid oxide fuel cell anodes is demonstrated herein using composite Ni/NiO samples. The samples were composed of 2.54 µm thick Ni foil (Alfa Aesar, 99.95% pure) and NiO powder with a 0.5-1.5 µm particle size (Fuel Cell Materials, 99.99% pure). Initially, pure samples were produced for obtaining separate XANES spectra for each material. Ni samples were produced by sectioning triangular pieces of foil from a larger stock piece and mounting the smaller foil piece on the point of a stainless steel needle. The dimension of the mounted samples was checked using an optical microscope prior to imaging and spectroscopy to ensure that the Ni foil would allow sufficient transmission and provide room in the field of view for the later addition of NiO particles. The composite samples were prepared by placing the NiO powder onto the Ni foil. The presence of NiO powder was verified using an optical microscope prior to imaging and spectroscopy.
The full field XANES nanotomography measurements have been conducted at the Advanced Photon Source (APS) beamline 32-ID-C, and at the Stanford Synchrotron Radiation Lightsource (SSRL) beamline BL6-2c. The general TXM configuration used on each of these beamlines applies a capillary condenser to focus the incident monochromatic x-rays onto the sample. A pinhole and beamstop block any unfocused xrays. The sample is mounted on the sample stages providing vertical rotation for tomography and X-Y-Z translations. The x-ray transmitted through the sample are magnified and imaged by a Fresnel zone plate objective lens onto a high-resolution CCD imaging system (19) (20) (21) . Additional details are provided by Grew et al. (22) . The field of view for the images discussed in the present work ranges from 5-30 µm. Larger fields of view over 100 µm can be achieved by stitching multiple fields of view. Nanotomography measurements are carried out, at a fixed energy, by collecting a series of transmission images over a 180° rotation range with a typical data acquisition time of a few seconds.
The XANES nanotomography measurements are completed in three steps. First, the incident x-ray energy and the energy-dependent alignment of the TXM instrument are calibrated using the pure Ni foil. The x-ray energy is varied from 8.300-8.390 keV in 2 eV steps to ensure that detailed features in the spectra can be identified from the TXM images. For each energy, the zoneplate is adjusted to focus the image. After collecting the image stack (3D data set of x, y, and energy), the image stack is aligned using an auto-correlation method and normalized absorption spectra over regions of interests were obtained. Figure 1 shows XANES spectra from Ni and NiO samples obtained at the APS, along with the spectra from a region of overlapping Ni and NiO. The spectra obtained compare well with results in the literature (23, 24) . These spectra are used to identify features that best allow for discerning the separate phases of the sample, as illustrated in Figure 1 . The calibration performed shows a common peak in absorption at 8350 eV. This common peak provides a reference for comparing the spectra and distinguishing between the oxidation states of the Ni foil and NiO powder. Additional features can be identified in the XANES spectra where changes in the absorption characteristics of each material relative to the common peak enable separation of the phases present in the sample. Regions of Ni foil, NiO powder, and overlapping Ni-NiO were found to be particularly distinct at 8336 eV and 8370 eV. Determining the distinguishing features in the XANES spectra enables targeted tomographic scans at the energy levels of interest. These tomographic scans are carried as the third and final step of the measurement following the nanotomography procedure discussed above. Figure 1 . Normalized x-ray absorption spectra for Ni and NiO reference samples. The normalized intensity shown is based on the image optical density relative to the image optical density measured at a common absorption peak for all three materials tested (xray energy of 8350 eV). The distinction between oxidation states is enabled by primary features in the spectra, indicated by the black dotted lines.
The full field XANES nanotomography images obtained require further processing before the microstructure of the samples can be fully characterized. Prior to reconstruction, the transmission images taken at each energy are aligned. Chromatic focusing of the zoneplate lens during the measurements can cause variation in the magnification of the sample over the energy range investigated. As a first step the images must be scaled to eliminate this variation. The scaled images are then reconstructed using appropriate imaging software. The images taken at SSRL were reconstructed using the iterative algebraic reconstruction technique (i-ART) algorithm (25) . Following tomographic reconstruction, the images at each energy level are subtracted to isolate the Ni foil and NiO powder. Fine alignment of the images is conducted as needed during image subtraction to account for to minor variations in stage positioning. Segmentation of the final processed images is performed using the ImageJ software (26) . After filtering to reduce pixilation and artifacts in the images of the Ni and NiO phases, the 3D volumetric data sets are segmented to produce a binary data set that can be managed in microstructural characterization codes that have been previously developed (27, 28) .
Results and Discussion
Full field XANES nanotomography experiments to obtain 3D images have been carried out on samples composed of Ni foil and NiO powder. A spatial resolution of 45 nm was achieved in these measurements, based on the zoneplate characteristics. The capability for full field XANES nanotomography to achieve chemical mapping of the oxidation states that could occur in an SOFC anode is further demonstrated with the reconstructed region of interest shown in Figure 2a . This reconstructed volume was ECS Transactions, 35 (1) 1315-1321 (2011) produced from images taken at the 8348 eV and 8376 eV energy levels. The red solid indicates the Ni foil and the green solids indicate the NiO powder. The distinct phases can be clearly identified.
The digitized structures produced from the image processing steps provide the opportunity to characterize the unique microstructures of energy materials, such as battery and solid oxide fuel cell electrodes. Full-field XANES nanotomography can enable quantification of phase sizes, interfacial areas and phase contiguity associated with the microstructural effects of redox cycling. As an example of such an analysis, the final digitized form of the sample shown in Figure 2a can be applied to characterize the microstructure of energy materials. The cumulative phase size distributions (CSD) for Ni and NiO, shown in Figure 2b , were calculated using ray tracing techniques developed for microstructural characterization of SOFC electrodes (27, 28) , and verified to be independent of sample volume size. These cumulative size distributions represent the percentage that a given phase diameter provides to the total volume fraction of the phase in question. The material specifications suggest that the Ni foil has a thickness of approximately 2.54 µm. This expectation is confirmed by the Ni CSD, which crosses the 50% point in the 2-3 µm range with an average value of 2.28 µm. The lower average size may be due in part to deformation of the foil edges during sample preparation. The NiO powder analyzed has an average phase diameter (0.45 µm) which is around the range specified by the manufacturer (0.5-1.5 µm). The diameter range is concentrated in the submicron range due to somewhat smaller than expected particle size, which may be attributed to the finer microstructure of irregular particles and the method of sample preparation. During sample preparation, Ni foil was dragged through loose NiO powder, which is attracted and adheres to the surface due to electrostatic force. In this sample preparation step, smaller particles are more likely to be pulled to and held on the foil surface. Thus the sample preparation favors smaller particles. 
Conclusions
Full field XANES nanotomography was applied to identity Ni and NiO in a sample. Nondestructive imaging of samples containing a combination of Ni/NiO material was carried out at energy levels corresponding to key features in the observed near edge spectra. Tomographic image reconstruction and processing techniques were applied to the full field XANES image stacks to achieve three-dimensional mapping of Ni-NiO phases within the entire imaged volume. The imaged samples were prepared as a means of simulating the mixture of materials that are present in SOFC and Li-ion battery electrodes. Thus the approach used presents a unique tool that can be applied toward the investigation of microstructural and chemical evolution in energy materials.
